Ge and Si nanocrystals ͑nc-Ge and nc-Si͒ with average sizes in the range of 2-7 nm, embedded in silica matrix, were fabricated for investigating their acoustic-phonon vibrational properties. The freely elastic sphere theory was found to be unsuitable for explaining the low-frequency phonon vibration character of both nc-Ge and nc-Si in our current experiments. We have assigned the observed low-frequency Raman peaks to "LA-like mode" and "TA-like mode" in terms of their polarization and depolarization behaviors. In addition, it is revealed that the lattice contraction phenomenon exists in nc-Ge and nc-Si with sizes smaller than 4 nm, which leads to a contrary effect against matrix traction on the phonon vibrational frequencies.
I. INTRODUCTION
Since the discovery of high efficient photoluminescence from porous Si, 1 various types of Si and Ge nanostructures have intensively been studied due to their potential applications in optoelectronics. Particle sizes and surface structures have been shown to be the most important factors that decide the optical properties of these nanostructured materials.
In the past decade, low-frequency Raman scattering has widely been used to study the size effect of surface acousticphonon vibration frequency in nanoparticles such as SnO 2 , 2 Ag in silica, 3 CdS x Se 1−x in glass, 4 and Si cluster in porous Si. 5 An inverse relationship between the vibrational frequency and particle diameter was often reported, as predicted by Lamb theory 6 for the vibration of a homogeneous elastic sphere with free boundary condition. Many groups have noticed the influence of a matrix on acoustic-phonon vibration behavior. 4, [7] [8] [9] [10] [11] According to their investigations, the acousticphonon vibration modes would be damped and softened, even when new vibration modes appear due to sound radiation from nanoparticle to matrix.
In the previous work, 12 we have observed the acousticphonon torsional mode of nc-Si in the porous structure formed with C + -implanted Si wafer and then anodization. We have also reported the surface-quasifree vibrations of perfectly spherical nc-Si in Er-doped Si nanostructures. 13 For nc-Si in silica films, however, Fujii et al.
14 observed the softening of the surface acoustic vibration modes compared to the result from Lamb theory. Zi et al. 15 carried out the latticedynamical calculation and concluded that the low-frequency Raman modes observed by Fujii et al. are "TA-like modes" and "LA-like modes," which are confined in a nanoparticle. In the experiments by Saviot et al., 10 a new torsional mode appears in their nc-Si samples prepared by sol-gel method and subsequent thermal treatment. Up to now, many experiments have indicated that the low-frequency vibration character of nc-Si strongly depends on the sample preparation conditions determining the surface structure of nanoparticles.
For nc-Ge, little work has been done on investigations of its low-frequency Raman vibrations. Ovsyuk and co-workers 8, 16, 17 paid their attention to nc-Ge with sizes larger than 8 nm embedded in a GeO x matrix. They observed two low-frequency Raman peaks and assigned them to spherical and torsional modes of the surface acoustic-phonon vibrations, respectively. Recently, Ren and Cheng 9 calculated the surface effect on the low-frequency phonon properties of nc-Ge and theoretically found that the low-frequency Raman peaks are almost inexistent for such nanoparticle with a fixed surface. Cheng et al. 18 also performed a theoretical calculation and disclosed that the Lamb model starts to break down for free nc-Ge with sizes smaller than 4 nm. From the existent experimental and theoretical data, the assignment to low-frequency Raman modes of nc-Si and ncGe embedded in the oxide matrix is unclear and controversial. More experimental and theoretical studies are still needed to address the low-frequency vibration properties of nc-Si and nc-Ge. In this paper, we report the acoustic-phonon vibration properties of nc-Ge and nc-Si with sizes smaller than 4 nm embedded in silica films. We reveal that the lowfrequency vibration properties of both nc-Ge and nc-Si cannot be explained on the basis of Lamb theory with free boundary conditions. We assign the obtained low-frequency vibration modes in polarized and depolarized Raman spectra to "LA-like mode" and "TA-like mode," respectively. For nanoparticles with sizes smaller than 4 nm, lattice contraction is observed, which shows contrary influence on the acoustic-phonon vibration frequency of a particle compared to matrix traction.
II. SAMPLES AND EXPERIMENTAL METHOD
The samples used in this work were prepared by radiofrequency cosputtering method. Some Ge or Si chips were placed on a large silica target and cosputtered under the conditions of 1-Pa Ar gas, 140-W power, and room temperature. The deposited films were then annealed in N 2 ambient at different temperatures. The annealing temperature ͑T a ͒ varies from 700 to 900°C for Ge-rich films and from 950 to 1250°C for Si-rich films. The morphologies and sizes of nanoparticles embedded in silica matrix were obtained through high-resolution transmission electron microscope ͑HRTEM, CM200ST/FEG͒ observations and x-raydiffraction ͑XRD, Rigaku D/max-RA-type powder diffractometer using Cu K␣ radiation͒ analysis. The obtained XRD spectra were corrected for double radiation ͑K␣ 1 and K␣ 2 ͒ and for the broadening caused by the instrument response. The well-known Scherrer's formula was used to calculate the average size, where the full width at half maximum ͑FWHM͒ of the XRD peak was obtained by fitting the Voigt function,
where I is the intensity of the XRD diffraction peak, I 0 and A the constants, m the weight of Lorentz component, w the FWHM, and c the diffraction angle of the peak center. For a small nanoparticle with large FWHM of the XRD diffraction peak, the above calculation can give a high precision of the particle diameter. In our experiments, Raman spectra were obtained on a T64000 triple Raman system at backscattering geometry using the 514.5-nm line of an Ar-ion laser as excitation source. Two different configurations were employed, with the excitation and detection polarizations either parallel ͑polarized͒ or perpendicular ͑depolarized͒ to each other. All measurements are run at room temperature. Figure 1 shows a typical HRTEM image of nc-Ge with an average size of 3.2 nm embedded in silica matrix ͑this average size was obtained by fitting the corresponding XRD spectrum͒. From the TEM image, we can see that the nanoparticles have different shapes ͑spherical or ellipsoidal͒, but still exhibit a diamond structure such as a bulk crystal. The lattice fringes of these nanoparticles correspond to the ͕111͖ plane of nc-Ge. No relationship between the orientation of lattice plane and the shape of particle is found. The selected area diffraction pattern ͑see the inset͒ consists of the diffraction rings, indicating that the nanoparticles have no the preferred orientation in the matrix. The HRTEM image of nc-Si shows a similar result. Figure 2 shows the x-ray-diffraction peaks of the ͑220͒ plane of nc-Ge with different sizes in silica films. As the particle size decreases, the center position of the ͗220͘ diffraction peak shifts toward the high scattering angle side. This means a decrease of the lattice spacing, i.e., the lattice is contracted. The ͗111͘ and ͗311͘ diffraction peaks show a similar situation. For nc-Si in silica film, the XRD result is the same. Two reasons may result in the formation of the lattice contraction. One is that the nanoparticles bear compressive stress from the matrix through the surface atoms due to the lattice mismatch between silica matrix and nc-Ge ͑or nc-Si͒. The other is that the high potential barrier provided by the matrix increases the interaction among internal atoms of the particle, which leads to the lattice contraction.
III. RESULTS AND DISCUSSIONS
Before treating the low-frequency Raman spectra, we would like to mention that although the first-order Raman optical-phonon spectrum can also reflect information about the particle size and the stress, the spectral fitting for obtaining the particle size depends on the selected weight function 19 and the stress is generally difficult to be determined, especially for a nc-Ge-embedded silica film. 20 Thus, in our current work we draw our attention to low-frequency Raman scattering behavior. Figure 3 shows the lowfrequency Raman spectra of nc-Ge and nc-Si both with av- FIG. 1 . TEM image of nc-Ge in silica matrix. The average size of this sample is 3.2 nm according to our calculation on the corresponding XRD spectrum. The lattice fringes correspond to the ͕111͖ plane of nc-Ge. The inset is the selected area diffraction pattern.
FIG. 2.
The ͑220͒ x-ray-diffraction peaks of nc-Ge in silica films. The vertical dotted line shows the central position of the ͑220͒ diffraction peak of bulk Ge. The short bar shows the center position of each peak after simulation using the Voigt function. As the particle size decreases, the peak position shifts to the high diffraction angle side, which means that the lattice contraction happens. erage sizes of 3.2 nm. From these spectra, we can find the following features: ͑1͒ Only one asymmetry peak appears in the low-frequency region except for a wide peak centered at 77 cm −1 ͑or 146 cm −1 ͒ corresponding to disorder-induced TA phonon of Ge ͑or Si͒ at the boundary of Brillouin zone. The low-frequency peak can be well simulated by a lognormal curve as follows:
where is the most probable and is the standard deviation, while the TA phonon peak can be fitted using a Gauss curve in these spectra. ͑2͒ The frequency and peak width in polarized spectra are always larger than those in depolarized ones. This feature is similar to that in the experiment by Fujii et al.
14 Figure 4͑a͒ shows the size dependence of the lowfrequency Raman peak frequency of nc-Ge with average sizes of 2-5.6 nm. It seems that the peak frequencies in both polarized and depolarized spectra almost linearly scale with the inverse of particle size in a wide size range, consistent with the prediction by Lamb's theory. However, their positions are far away from the two spheriod Raman-active mode frequencies with n = 0 and l = 0 and 2 for an elastic sphere with free surface. 21 Because the Lamb theory about the surface modes has been confirmed by the lattice-dynamical calculation of Cheng et al., 18 the observed low-frequency Raman modes should not be the surface acoustic-phonon modes. Therefore, the surface of nc-Ge embedded in silica is not free. If we notice that our data are highly close to bulk LA-and TA-mode frequencies nearthe center of Brillouin zone, which are obtained by a simple correspondence between the wave vector and size q = / d and with average sound velocities V l = 5250 m / s and V t = 3250 m / s, 15, 16 we can consider the observed low-frequency Raman peak of ncGe to be "LA-like mode" and "TA-like mode." The conclusion of Ren and Cheng 9 which pointed out that the lowfrequency Raman peaks can be ignored for nc-Ge with fixed surface should not be applicable to our current experimental result. Our experiment indicates that in the case with a fixed surface the "LA-like mode" and the "TA-like mode" of ncGe can still be observed. Their intensity could be as strong as those of optical-phonon peaks. Figure 4͑b͒ shows the size dependence of the Raman peak frequency of nc-Si with average sizes of 2.7-7.4 nm. Average sound velocities, V l = 9017 m / s and V t = 5372 m / s, 10 are used to calculate the surface acousticphonon frequencies of free sphere and bulk acoustic-phonon frequencies. Similar to the case in nc-Ge, we found that the surface of nc-Si is also not free and only the "LA-like mode" and the "TA-like mode" exist. A difference between nc-Ge and nc-Si is that in the case of nc-Si, the data from polarized spectra are smaller than the frequencies of bulk LA mode, especially for very small particle size. Zi et al. 15 suggested that the effective sound velocity for the "LA-like mode" is lower than that of the bulk counterpart and is somewhat softened due to finite size. However, we find that this is not the case in our experiments because the lattice contraction occurs in very small particle size ͑less than 4 nm͒. The lattice contraction would cause force constants to increase, i.e., sound velocities increase. Hwang et al. 22 reported that lattice
Low-frequency Raman spectra of nc-Ge and nc-Si both with average sizes of 3.2 nm obtained from the XRD analysis. These spectra were taken under excitation with the 514.5-nm line of an Ar + laser at backscattering geometry. Two spectral lines with log-normal and Gauss shapes were used to simulate the depolarized spectra, respectively. contraction causes the frequency of surface optical phonon to blueshift. This draws us to infer that lattice contraction has similar effect on the acoustic phonon.
The calculation by Zi et al. 15 showed that the coupling between nanoparticle and matrix would soften vibrational modes in both polarized and depolarized spectra. Therefore, lattice contraction and matrix traction have contrary influence on the vibration frequencies of very small particles. As a result, no evident shift ͑for nc-Ge͒ or only a small shift ͑for nc-Si͒ is observed in our experiment, unlike a large downshift in the experiment of Fujii et al. 14 In addition, the influence of both lattice contraction and matrix traction on the "TA-like mode" seems smaller than that on the "LA-like mode." Quantitative analysis is difficult at present.
In the experiment of Saviot et al., 10 the peak positions of the depolarized and polarized spectra only have a slight difference. They decomposed each spectrum to two components. By theoretical calculation based on core-shell model, they assigned the two components to the torsional mode ͑l =1, n =0͒ and spheroidal mode ͑l =2, n = 0 or 1͒, respectively. In our experiment, the peak positions of depolarized and polarized spectra show a large difference. We infer that the sample difference between the experiment by Saviot et al. and our experiment may be the degree of contact between particle and matrix. Now we would like to discuss the size dependence of the scattering intensity. Montagna and Dusi 23 deduced a scaling law about the scattering intensity dependence on particle size for any allowed vibrational mode to be I͑͒ ϰ 3 ϰ R 3 , where R is the particle radius. In our experiment, the scattering intensity changes much slower than R 3 for the samples with very small or relatively large particles. This indicates that some special factors have to be considered in a practical nanoparticle system. One factor may be that for very small particles the scattering efficiency would increase due to the increase of disordering at surface. Another factor may be that small particles can aggregate to form large particles at high temperature. As a result, the density of particles would decrease, which leads to an increase of the Raman scattering intensity.
As for the depolarization ratio, I VH / I VV , our experiment shows that its value is 0.45± 0.03 for both nc-Ge and nc-Si. These values are larger than 0.25 ͑for nc-Si, Fujii et al.
14 ͒ and 0.33 ͑for cubic Bravais lattice and dipole-induced dipole scattering mechanism 23 ͒. The investigations on the vibration property of Ag particles in a matrix showed that the depolarization ratio of a nonspherical particle is different from that of spherical ones and changes with the adopted excitation line of laser. 24, 25 We believe that the difference in depolarization ratio between our experiment and other reports should also be due to the deformation of nanoparticles.
IV. CONCLUSIONS
The phonon vibrations of nc-Ge and nc-Si embedded in silica matrix are really a complicated problem, since crystals Ge and Si are highly elastically anisotropic bodies and small particles with accordantly perfect spherical shapes are not easy to be prepared. In this work, we have fabricated silica films embedded with nc-Ge and nc-Si with average sizes of 2-7 nm and studied the low-frequency Raman scattering spectra. The obtained result indicates that the surfaces of both nc-Ge and nc-Si are not free. "LA-like mode" and "TAlike mode" have been suggested to correspond to the observed low-frequency vibration modes in our experiment. For particles with sizes smaller than 4 nm, lattice contraction exists, which has contrary influence on the acoustic-phonon vibration frequency of a particle compared to matrix traction. Quantitative comparison is difficult at present.
